Female mate choice is one mechanism of sexual selection and, provided there is adequate genetic variation in the male traits that are the target of this selection, they will evolve via female choice. Cuticular hydrocarbons (CHCs) are important in Drosophila mate choice, but relatively little is known about the underlying genetic architecture of CHC profiles in Drosophila simulans. Here, we used gas chromatography-mass spectrometry to investigate patterns of genetic variation in the CHC profiles of male and female D. simulans using isofemale lines. We found substantial genetic variation for CHC profiles and individual CHC components, and individual CHCs were frequently strongly genetically correlated, with a tendency for negative covariance between long-and short-chain CHCs in males. Intersexual genetic covariances were often weak and frequently differed in sign. These findings are novel and significant, highlighting the previously unexplored genetic architecture of CHCs in D. simulans and suggest that this architecture may facilitate sex-specific CHC evolution.
Female preference for certain males has been documented in many taxa (reviewed in Andersson 1994 and e.g., Ryan 1983; Moore AJ and Moore PJ 1988; Wilkinson and Reillo 1994) . Females base their assessment of male attractiveness on many different characters and frequently assess multiple traits before choosing their preferred mate (Jennions and Petrie 1997; Johnstone 1997; Kodric-Brown and Nicoletto 2001; Candolin 2003; Patricelli et al. 2003; Hebets and Papaj 2005) . Although morphological or acoustic characters have been the major focus of sexual selection studies (Andersson 1994) , chemicals signals provided by insect cuticular hydrocarbons (CHCs) have also been the subject of intensive investigation (e.g., Chenoweth and Blows 2003; Blows et al. 2004; Hine et al. 2004) .
CHCs are found on the exoskeleton of insects. While they are subject to natural selection, influencing desiccation resistance (Toolson 1982; Lockey 1988; Rouault et al. 2004 ), cold tolerance (Ohtsu et al. 1998) , and starvation resistance (Hoffmann et al. 2001) , they are often also key sexual signals (for a review, see Howard and Blomquist 2005) . Although the role of CHCs as sexual signals is frequently poorly understood (Johansson et al. 2005; Johansson and Jones 2007) , studies have highlighted their importance in mating (e.g., Ming and Lewis 2010; Grinsted et al. 2011 ; see reviews in Ferveur 2005; Wicker-Thomas 2007; Gomes et al. 2008; Blomquist and Bagnères 2010) and as mate recognition cues, CHCs are expected to be sexually dimorphic either qualitatively or quantitatively. Recent studies have confirmed this as CHCs are highly sexually dimorphic in many species, with many of the individual components being sex specific (Thomas and Simmons 2008) , as one would expect with secondary sexual traits (Andersson 1994) . For example, crickets often have distinct male and female CHC profiles (Warthen and Uebel 1980; Tregenza and Wedell 1997; Mullen et al. 2007) . Additionally, even when a CHC occurs in both sexes, the quantities produced by males and females can differ substantially (Thomas and Simmons 2008) . Such differences have been reported in mosquitoes, ticks, and fireflies (Estrada-Peña et al. 1996; Anyanwu et al. 2000; Caputo et al. 2005; South et al. 2008) , and CHCs are also reported to evolve rapidly and are sexually dimorphic in grasshoppers and crickets (Neems and Butlin 1995; Buckley et al. 2003; Mullen et al. 2007 ; Thomas and Simmons 2008) .
When compared with many other insects, Drosophila have a small number of CHCs (,60 vs. .100; Howard 1993; Howard and Blomquist 2005; Everaerts et al. 2010) , and there is considerable divergence in the chain length, the number or position of double bonds, and sexual dimorphism across this group (for a review, see Ferveur 2005) . Courtship in Drosophila is complex, involving a range of visual, acoustic, gustatory, and chemical cues (Ewing 1983; O'Dell 2006; Stoop and Arthur 2009) , and CHCs play an important role in courtship (Savarit et al. 1999) . Furthermore, specific CHCs have been linked to courtship behaviors. For example, 5-Tricosene inhibits male courtship (Ferveur and Sureau 1996; Greenspan and Ferveur 2000) , and 7-Tricosene not only inhibits male courtship (Jallon 1984; Ferveur and Sureau 1996; Lacaille et al. 2007 ) but also enhances female receptivity (Grillet et al. 2006) . Additionally, 7-Pentacosene and 9-Pentacosene act synergistically to stimulate copulation attempts (Ferveur and Sureau 1996; Siwicki et al. 2005) , and 7-Pentacosene also stimulates male courtship along with 7,11-dienes (Ferveur 1997) . Despite such direct functional associations being noted for individual CHCs, it is important to note that only focusing on individual components may not provide complete understanding of CHC function given the complex multidimensional nature of CHC profiles and an absence of a full understanding of the genetic architecture of CHCs.
Recent studies have reported substantial genetic variation in Drosophila CHCs (e.g., Foley et al. 2007 ), whereas others find that the majority of this genetic variation is not available for selection due to its orientation relative to the direction of sexual selection (e.g., Blows et al. 2004; Hine et al. 2004; Van Homrigh et al. 2007 ). More recently, McGuigan and Blows (2009) investigated standing genetic variance underlying high and low fitness Drosophila bunnanda phenotypes and found substantial genetic variation in low but not in high fitness males. However, most studies exploring genetic variation and sexual dimorphism in Drosophila CHCs are restricted to the Hawaiian radiation (Alves et al. 2010) , D. melanogaster (e.g., Antony and Jallon 1982; Jallon 1984; Foley et al. 2007 ), D. serrata (Chenoweth and Blows 2003; Hine et al. 2004 ), or D. virilis (Bartelt et al. 1986 ). In contrast, D. simulans CHCs remain relatively unexplored in the sexual selection literature, in spite of recent focus on sexual selection in this species (e.g., Taylor et al. 2007 Taylor et al. , 2009 Taylor et al. , 2010 Hosken et al. 2008; Sharma et al. 2010 Sharma et al. , 2011 .
Here, we use 6 isofemale lines that have been employed in previous sexual selection investigations to investigate the genetic architecture of CHC profiles in D. simulans. Sharma et al. (2010) have shown that these isolines harbor significant genetic variation for male attractiveness, implying there is genetic variation for CHCs in these lines, whereas Taylor et al. (2007) have shown that male attractiveness is heritable. Additionally, CHCs are under sexual selection (Sharma et al. 2011) , and quantitative sexual dimorphism has been reported in D. simulans CHC peaks .
Materials and Methods

Fly Stocks
We used 6 Drosophila simulans isolines, randomly chosen from 20 supplied by the Centre for Environmental Stress and Adaptation Research, La Trobe University, Australia. These isolines were collected in 2004 and have been maintained in multiple vials at a density .50 pairs per vial since then. To test if using 6 isolines captured most of the population variation (for any given trait), we ran a simulation assuming normally distributed (with a mean of 16 and standard deviation of 5) trait values in the source population with individuals (lines) being randomly sampled from this distribution. We ran 1000 iterations drawing 6 random samples from this normal distribution each time. We then compared the means of these 1000 samples and found that 80% of values fell within the range of 16 ± 6.35, suggesting that the 6 isolines we used here captured about 80% of the range of the underlying population.
All flies were reared on ''Drosophila quick mix medium'' (supplied by Blades Biological, Edenbridge, Kent, UK) at 25°C and a 12:12 h light:dark cycle. Food was provided in excess so that differential larval competition was minimized. Subsequent housing conditions followed this regime unless stated otherwise. We collected 8 virgin males and females within 8 h of eclosion from each isoline and housed them individually to prevent social interactions from altering CHC profiles (e.g., Kent et al. 2008; Krupp et al. 2008; Thomas and Simmons 2011) . Assuming that visual stimuli could potentially trigger CHC profile changes, we isolated housing vials with translucent polypropylene partitions that allow light passage but blur images sufficiently to prevent recognition. Individuals were processed for CHC extraction when they were 3 days old as adult CHC profiles are completely developed by this time (Antony and Jallon 1981) .
Hydrocarbon Extraction
To quantify CHCs, individual flies were soaked in 50 ll Hexane containing 100 ng of Pentadecane as an internal standard. Pentadecane has widely been used as an internal standard, and it was also our choice because it is an inert hydrocarbon and its retention time did not overlap with any of the other hydrocarbons in our samples. After 4 min of soaking, vials were vortexed for 60 s to maximize extraction. A 1 ll sample of each fly extract was then injected into a gas chromatograph-mass spectrometer (GC-MS) (Agilent 7890A GC coupled with an Agilent 5975B MS) operating in pulsed splitless mode and fitted with a DB-1ms column (340°C: 30 m Â 250 lm Â 0.25 lm) (J&W 122-0132 by J&W Scientific, Folsom, CA) using Helium as a carrier gas. Extract separation parameters were initially optimized and we chose to use a column temperature profile in which the analysis began at a temperature of 70°C for 1 min and then rose by 20°C /min to 240°C followed by a 4°C/min rise to 320°C. The inlet and the transfer line from the GC to the MS were set at 250°C. Chromatograms were acquired and analyzed using MSD Chemstation software version E.02.00.493 (Agilent, Foster City, CA).
We analyzed extracts derived from 96 flies (8 individual males and females from each of the 6 isolines), along with Pentadecane control standards that were loaded at the start and end of each run to check for contamination. CHC peaks were labeled by peak number, which corresponded to their retention times on the GC (see Figure 1a ,b; Table 1 ). In total, 18 unique CHC peaks were identified and the areas under these peaks were quantified and expressed as proportional values after dividing by the Pentadecane standard (peak 1). Use of the internal standard in calculating proportions eliminates the problems of unit-sum-constraints faced when proportions are calculated relative to the sum of all peaks. To ensure multivariate normality, we log 10 transformed our data prior to analysis.
Statistical Analysis
Drosophila hydrocarbons are known to show variation in the overall CHC composition or ''blend,'' and also in the absolute amounts of individual components (Luyten 1982 ; Table 1 ). Note that peak 1 (the standard) has been left out to improve visibility of other peaks. Jallon 1984; Ferveur and Jallon 1996) . We therefore analyzed and interpreted our data in 2 ways, first by examining the overall CHC composition and then looking at individual components. We used principal component analysis (PCA) to reduce the dimensionality of the CHC profile because, otherwise, we would have too many dependent variables and too few degrees of freedom. As PCA summarizes a pattern of correlation among variables, it may be possible to interpret the resulting components in terms of a functional hypotheses (Moore 1997) . Furthermore, PC scores can then be utilized in additional analysis. Note that PC scores describe different and independent aspects of underlying variation as the PCs are orthogonal to each other (Tabachnick and Fidell 1989) .
All statistical analyses were performed with PASW (version 18) unless stated otherwise. PCA was performed and the PCs with eigenvalues greater than 1 (Norman and Streiner 2008) were then examined with a multivariate analysis of variance. Isoline and sex were included as main (fixed) effects in the model, and 3 PCs were entered as dependent variables.
We also estimated the heritability of CHCs for both males and females as well as the genetic correlations between CHCs both within and across the sexes. These were estimated in 2 ways. First, by using the PC scores to provide estimates for the CHC blends and then by using the individual log 10 CHC proportions. In both instances, heritability was estimated as the coefficient of intraclass correlation (t) (Hoffmann and Parsons 1988; David et al. 2005) as:
Here, n is the number of lines, and V b and V w are the between-line and within-line variance components, respectively, estimated directly from an ANOVA including line as the main effect. The standard error of the intraclass correlation (SE (t)) was calculated according to Becker (1984) as (here k is the number of individuals sampled within each line):
s Genetic correlations (and their SEs) for CHC peaks within and between sexes were estimated using the jackknife method of Roff and Preziosi (1994) . In short, this procedure first estimates the genetic correlation between 2 traits using mean estimates for each line (Via 1984; Gibert et al. 1998) . A sequence of N pseudo-values is then computed by dropping each of the lines in turn and estimating the resulting correlations and using the formula:
where S N,i is the i th pseudo-value, r N is the genetic correlation estimated using the means of all N inbred lines, and r N À 1,i is the genetic correlation obtained by dropping the i th inbred line alone (Roff and Preziosi 1994) . The jacknife estimate of the genetic correlation (r j ) is then simply the mean of the pseudo-values, and an estimate of the SE is given by:
Using simulation models, Roff and Preziosi (1994) showed that this jacknife approach provides better genetic estimates than those based on conventional inbred line means when the number of inbred lines contained in the analysis is small (,20 lines), as occurs in our study. It is important to note that estimates of genetic (co)variance from inbred lines contain variance due to dominance and/ or epistasis and therefore should be considered broad-sense estimates (Falconer and Mackay 1996) .
We then examined the male and female genetic correlation matrices (obtained via the PC scores and those obtained from individual CHC components) for information concerning the relatedness of CHC traits (sensu Cheverud 1988), looking for highly (genetically) related PCs or CHC peaks, which are likely to coevolve (Lande 1980; Cheverud 1988) . The overall integration of the male and female genetic correlation (r G ) matrices was assessed by using Mantel's randomization test (Mantel 1967) with ZT (Bonnet and Van De Peer 2002) and was based on 10 000 randomizations. Here, the observed matrix correlation is compared with an empirically derived distribution of matrix correlations and the proportion of randomly permuted matrix correlations exceeding the observed one gives an estimate of the probability of obtaining a matrix correlation greater than the observed one by chance. If the probability is low (P , 0.05), then the matrices are more similar than by chance alone. Note that a significant association would indicate that the intrasexual genetic correlations vary in similar directions and not that the values of any elements are identical in magnitude.
Additionally, we calculated the average absolute values of the correlations in each matrix along with the average disparity between the 2 matrices. In brief, we summed the absolute values of all off-diagonal correlations and divided by the number of correlation pairs to arrive at the average absolute value of correlation.
X 5
where r i,j refers to the correlation between characters i and j, and n is the number of correlation pairs. The average disparity between corresponding male and female genetic correlation matrices was determined by averaging the absolute values of differences between correlation pairs.
D 5 P jr MG;i;j À r FG;i;j j n for i 6 ¼ j;
where r MG,i,j and r FG,i,j refer to male and female genetic correlations between characters i and j, and n is the total number of correlation pairs (Willis et al. 1991; Roff 1995; Waitt and Levin 1998) . D indicates the overall difference in the magnitude of association between the matrices, whereas the average absolute correlation values indicate the overall size of correlation within each matrix.
Results
Analysis of mass spectra and the retention times allowed us to distinguish 18 CHC peaks, most of which have previously been identified in Drosophila (e.g., Everaerts et al. 2010) . Some peaks (see footnote of Table 1 ) were eluted in trace levels, and their identification is tentative. All 18 CHC peaks were shared by male and female D. simulans (see Figure  1a ,b). No qualitative differences were found between isolines or sexes (i.e., no sex-specific CHC components were detected). However, we did find evidence of quantitative differences both between isolines and sexes (i.e., the same CHC components were expressed to different degrees in the sexes; Table 1 ). PCA of the individual CHC components returned 3 PCs that had eigenvalues greater than 1, and these collectively explained 81% of the variance in CHC composition (Supplementary Table 1 ). Correlations between the individual CHC components and the derived PC scores (factor loadings in Supplementary Table 1) were used to examine the CHC components that contributed the most to each PC. All factor loadings greater than 0.3 were interpreted as biologically important (Tabachnick and Fidell 1989) . PC1 was weighted positively by peaks 2-13 (Tricosene, Tricosane, branched alkanes, Pentacosene, Pentacosane, and Heptacosane) and negatively by peak 18 (alkane). PC2 was weighted negatively by peak 4 and positively by peaks 6, 11, and 13-19 (Tricosene, branched alkane, alkane, Heptacosane, etc.) and PC3 positively by peaks 13, 15, and 18 and negatively by peak 19 (Heptacosane, branched alkane, and alkanes). Thus, PC1 largely described the content of shorter chain CHCs (plus a trade-off with a single longer chain component), whereas PC2 largely describes longer chain CHCs (and one trade-off with a Tricosene), and PC3 described trade-offs within the longer chained hydrocarbons.
Multivariate analysis of the PC scores using isoline and sex as fixed factors and the 3 PC scores as dependent variables indicated isoline (Wilk's k 5 0.224; F 15,227 5 10.87; P , 0.001), sex (Wilk's k 5 0.898; F 3,82 5 3.096; P , 0.031), and their interaction (Wilk's k 5 0.475; F 15,226.767 5 4.68; P , 0.001) all significantly influenced the multivariate combination of PCs. Post hoc univariate analyses indicated that the isolines effect was driven by PC1 (F 5,84 5 8.47; P , 0.001) and PC3 (F 5,84 5 15.08; P , 0.001). The same PCs were also responsible for the sex (PC1, F 5,84 5 5.3; P , 0.02; PC3, F 5,84 5 5.99; P , 0.02) and the interaction effect (PC1, F 5,84 5 11.38; P , 0.001; PC3, F 5,84 5 2.95; P , 0.02; Figure 2a,b) . PC2 was not significantly influenced by any factor or interaction (all P . 0.05).
Sexes differed in the heritability estimates (t) calculated for the overall CHC blends (based on PC scores), but both PC1 and PC3 were heritable in males and females, whereas PC2 was not heritable in either sex (Supplementary Table 2 ). Heritability estimates based on the individual CHC components show that peaks 11, 13, 14, 16, 17, and 19 were not heritable in males and peaks 6, 11, 14, 17, and 19 were not heritable in females (Supplementary Table 3 ). Genetic correlations for individual hydrocarbon peaks within each sex indicated that the average correlation within the male matrix was 0.177 (Supplementary Table 4 ). The overall magnitude of genetic correlation, as measured by the average absolute value of correlations, had a value of 0.740 for males. For females, the genetic correlation matrix had an average correlation of 0.251 (Supplementary Table 4) . In this case, the average absolute value of the correlation was 0.92.
Intersexual genetic correlations (estimated on PC scores) were both positive and negative in sign (Supplementary  Table 5 ), and a similar trend was seen when genetic correlations were calculated for the individual peaks (Supplementary Table 6 ). However, many of the correlations for individual peaks were low (42% were less than 0.5), which indicates the sexual dimorphism for CHCs is in a relatively advanced stage (Lande 1980) . Furthermore, most of the correlations above 0.5 were negative: In fact, 66% of all the intersexual correlations were negative. Mantel's test indicated that the matrix describing male CHCs significantly differed from the one that described females (q , 0.001; P 5 0.54).
Although the average absolute value of correlation gives an indication of the overall strength of the individual correlations within a matrix, it can obscure the actual disparity between corresponding individual male and female genetic correlations. A large positive matrix correlation would indicate that male and female correlations vary in similar directions, but it does not provide any information to confirm if the magnitudes of individual correlations are identical. Considering matrix correlations together with average Disparity (D) estimates helps resolve this issue. The average disparity between male and female correlation matrices was 0.362, indicating that the individual elements of the male and female matrices are very different from each other.
Discussion
CHCs seem to play a major role in Dipteran mate choice and have been investigated thoroughly in several Drosophila species (e.g. Hine et al. 2004; Liimatainen and Jallon 2007; Alves et al. 2010; Everaerts et al. 2010) . Relatively, less attention has been paid to D. simulans, despite recent investigations of sexual selection in this species and the differences between it and its more thoroughly studied sister species D. melanogaster (Taylor et al. 2007; Hosken et al. 2008; Sharma et al. 2010) . Here, we used 6 isolines to investigate the quantitative genetics of CHCs in male and female D. simulans. We found significant genetic variation for CHCs, including heritable variation for some individual CHC components. We also found significant (positive and negative) intra-and intersexual genetic correlations for CHCs in our isolines, with the genetic architecture of female and male CHCs differing markedly. Our results also confirm that CHC profiles are quantitatively sexually dimorphic in this species.
Overall CHC blends and many of the individual CHC components were significantly heritable, and it is this genetic variation that is needed if CHCs are to evolve. Nevertheless, heritability estimates from isofemale lines are best derived within 5 generations of line establishment from the wild to avoid overestimation of parameter values (Hoffmann and Parsons 1988) . Therefore, the exact heritability values presented here should be treated with caution, even though our estimates are based on the intraclass correlation coefficient t, which provides more realistic heritability estimates compared with conventional means (David et al. 2005) . Heritable variation in CHC profiles has been reported for a range of insects previously (e.g., Chapman et al. 1995; Thomas and Simmons 2009) . Our analyses also revealed significant sex by isoline interactions. This indicates the presence of sex-specific genetic variation in CHCs, which is reflected in the different heritabilities in the sexes. For example, peak 16 is significantly heritable in females but not males, whereas the converse is true of peak 6. Overall, our findings suggest that there is sufficient genetic variation present in this population for CHC profiles to evolve given appropriate selection. Consistent with this, CHC profiles evolve in a sex-specific manner when subject to natural selection and sexual selection (Sharma et al. 2011) .
In addition to estimating straight heritabilities, we also calculated the broad-sense genetic variance-covariance matrix (G) for D. simulans CHCs (not the narrow-sense additive genetic variance-covariance matrices), both within and across the sexes, and as expected from the differences noted in the variance estimates, the sexes also differed in their covariances (see Supplementary Table 4) . Cheverud (1984 Cheverud ( , 1988 suggested that G can be thought of as a measure of genetic constraints on evolution. Basically, the diagonal elements of G measure the short-term readiness of a character to respond to selection, and the off-diagonal elements measure how the evolution of one trait influences the coevolution of others.
Examination of the intrasexual G matrices indicates that many individual CHC peaks covary genetically with each other. CHC biosynthesis in Drosophila is considered to be a relatively simple system where genetic variants for CHC expression are expected to trade-off expression of one class of compounds for the others (Foley et al. 2007) . This is consistent with the many negative genetic correlations we see between CHCs, especially in males between longer and shorter chain CHCs. These negative intramale genetic correlations suggest that male genotypes that produce more shorter chained CHCs tend to produce less longer chained CHCs. In one way, this could be interpreted as indicating that genotypes best suited under natural selection-for example, long-chain CHCs tend to be involved in desiccation resistance (Rouault et al. 2004 )-are genotypes less likely to be favored under sexual selection where more volatile shorter chains are often more attractive . If this is so for D. simulans, the G we estimated for males may prevent the emergence of a genotype that could excel under both natural and sexual selection. This is consistent with classical interpretations of sexual trait evolution: Natural selection opposes sexual selection (Andersson 1994; Hosken and House 2011) .
It is interesting, however, that comparison of G between the sexes indicates males and females do not face the same trade-offs as their intrasexual genetic architecture differs. As one example, females tend to have fewer strong negative correlations than males (10 vs. 28). If selection is ultimately responsible for the shape of G, this may reflect the fact that sexual selection is weaker on females, and they are typically viewed as being closer to naturally selected optima than males (Andersson 1994; and see Sharma et al. 2011) . That is, it is probably easier to optimize G for 1 (naturally selected) task than for 2 tasks (sexual and natural selection). In any case, the male/female difference can clearly be seen by considering any single CHC (more or less). For example, although 7-Tricosene (peak 3) is a major constituent of both male and female CHC profiles in D. simulans (see Luyten 1982; Pechine et al. 1985; Ferveur and Jallon 1993) , females express higher levels of it (Ferveur 1991 ; and see Table 1 ). If we compare the G matrix values for male peak 3 with those for female peak 3, it is obvious that the intrasexual correlations for each sex vary (see Supplementary Table 4) . Strong intrasexual genetic correlations imply that the individual CHC peaks are not independent of each other, but it does not imply anything about the plasticity of such correlations, as environmental fluctuations may alter their magnitude or sign.
A shared genetic architecture may also constrain the independent evolution of the sexes. This constraint usually manifests as strong intersexual genetic correlations (r MF : Lande 1980; Roff 1997) . The magnitude of r MF between homologous traits and the nature of selection on each sex could influence the evolution of sexual dimorphism (Lande 1980) . We found many positive and negative r MF for D. simulans CHCs, but the average magnitude of these correlations is weak, suggesting sexual dimorphism in CHCs is at an advanced stage (Lande 1980) . Theoretically, the genetic architecture of traits under sexually antagonistic selection should evolve to minimize the genetic constraints on the independent evolution of the sexes, allowing the sexes to meet their sex-specific fitness optima (Lande 1980; Rhen 2000; Rice and Chippindale 2001; Badyaev 2002 ; but see Harano et al. 2010) , and the intersexual covariances we find are largely consistent with this as most of them are below 50%. Nevertheless, the fact that we find correlations at all contrasts with findings from other Drosophila species (e.g., Chenoweth and Blows 2003) and with CHC expression studies on mutant D. melanogaster (Ferveur and Jallon 1993; Coyne et al. 1999; Dallerac et al. 2000; WickerThomas and Jallon 2001; Fang et al. 2002) , which indicate trait expression may be under independent genetic control in the sexes (also see Labeur et al. 2002; Ferveur 2005) . However, in a recent meta-analysis, intersexual genetic correlations for homologous traits were predominantly large and positive (Poissant et al. 2010) . Our results also contrast with this, for although we do find some covariance between the sexes, associations are for the most part negative. Additionally, G for males and females significantly differ, which may facilitate sex-specific evolution of CHC profiles even when individual CHCs show strong intersexual covariance, and there is evidence for this as D. simulans CHCs do evolve in a sex-specific manner (Sharma et al. 2011 ). However, our covariance estimates are based on broad-sense estimates of genetic variances because of the isoline approach we have employed, so additive covariances are likely to be even weaker, which may partly reconcile our findings with other Drosophila studies (e.g., Chenoweth and Blows 2003) . It is important to note that genotype Â environment interactions are also expected to influence r MF estimates (Falconer and Mackay 1996; Lyons et al. 1994; Simons and Roff 1996) . This means CHCs may evolve in different ways under different environmental conditions (e.g., Sharma et al. 2011) , further underlining the importance of genotype Â environment interactions in sexual selection (Ingleby et al. 2010 ).
Our results are also consistent with previous work, suggesting that D. simulans is quantitatively sexually dimorphic in CHC profiles (Cobb and Jallon 1990; and see Ferveur and Jallon 1996) . Sexual dimorphism is common in sexually selected characters, with sexes often differing in size, shape, and degree of sexual trait exaggeration (Darwin 1871; Andersson 1994) . Examination of the male and female CHC chromatograms here reveals that all the peaks we detected are shared by the sexes but that sexes express different quantities for many of the shared peaks ( Figure  1a ,b) (and see Ferveur and Jallon 1993; Ferveur and Cobb 2010) . Given the multivariate nature of overall CHC profiles, even small differences in CHC production can dramatically alter CHC blends and influence behavioral responses during mate choice. Sexually antagonistic selection, where traits shared by males and females have a sex-specific fitness optima (Rice and Chippindale 2001; Bonduriansky and Chenoweth 2009; Hosken et al. 2009 ), is considered to be an ultimate cause of sexual dimorphism. As stated above, we have some evidence for sex-specific CHC changes during experimental evolution, which is consistent with sex-specific fitness optima, but we currently do not know if this is due to sexually antagonistic selection in our experiments or sex differences in G.
Overall, our results indicate that D. simulans CHC sexual dimorphism is at an advanced stage, but there are still many significant intersexual genetic associations, many of them negative, and the genetic architecture of the CHCs differs between the sexes. Intersexual differences in the optimal CHC profiles are expected because the sexes invest differentially and differ in their reproductive roles, and hence, the direction of sexual and natural selection acting on specific traits should differ (Johnstone et al. 1996; Bonduriansky 2001) . Consistent with all of this, there are sex differences in the CHC evolution (Sharma et al. 2011 ; also see Delcourt and Rundle 2011) . What remains to be determined is precisely how selection actually acts on CHCs and if this varies across environments.
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